The four-stranded i-motif (iM) conformation of cytosine-rich DNA has importance to a wide variety of biochemical systems that range from their use in nanomaterials to potential roles in oncogene regulation. The iM structure is formed at slightly acidic pH, where hemiprotonation of cytosine results in a stable C-C þ basepair. Here, we performed fundamental studies to examine iM formation from a C-rich strand from the promoter of the human c-MYC gene. We used a number of biophysical techniques to characterize both the hydrodynamic properties and folding kinetics of a folded iM. Our hydrodynamic studies using fluorescence anisotropy decay and analytical ultracentrifugation show that the iM structure has a compact size in solution and displays the rigidity of a double strand. By studying the rates of circular dichroism spectral changes and quenching of fluorescent cytidine analogs, we also established a mechanism for the folding of a random coil oligo into the iM. In the course of determining this folding pathway, we established that the fluorescent dC analogs tC and PdC can be used to monitor individual residues of an iM structure and to determine the pK a of an iM. We established that the C-C þ hydrogen bonding of certain bases initiates the folding of the iM structure. We also showed that substitutions in the loop regions of iMs give a distinctly different kinetic signature during folding compared with bases that are intercalated. Our data reveal that the iM passes through a distinct intermediate form between the unfolded and folded forms. Taken together, our results lay the foundation for using fluorescent dC analogs to follow structural changes during iM formation. Our technique may also be useful for examining folding and structural changes in more complex iMs.
INTRODUCTION
In addition to the well-known Watson-Crick DNA structure, there are a variety of other conformations of DNA, including G-quadruplexes (G4s) and i-motifs (iMs). G4s form from guanine-rich strands of DNA, whereas iMs form from cytosine-rich strands. Because of their topological variance from Watson-Crick DNA, their links to transcription and regulation (1) (2) (3) (4) (5) (6) (7) , and their association with oncogene promoters (2, (8) (9) (10) (11) (12) (13) , G4s and iMs have been studied as possible unique drug targets. G4s require a metal cation to stabilize the structure. Since potassium cations are readily available intracellularly, G4s are viable in vivo, and their existence in vivo was recently confirmed by Biffi et al. (14) , who developed a structure-specific antibody that binds G4s in cells. However, because iMs require protonation of cytosines to form ( Fig. 1) , they have not been studied to the extent that G4s have, since the pH of the nucleus is not expected to be significantly lower than that of the cytosol (~7.3). Recently, it was reported that iMs can be formed at neutral pH by addition of molecular crowding agents (15, 16) . This finding suggests that iM structures are also likely viable in vivo and deserve further study for compari-son with the better-characterized G4 structures. In addition to their potential importance in vivo, iMs have been used for both therapeutic and diagnostic purposes. Biosensors and drug-delivery biomaterials have been made from iM structures to take advantage of the iMs' pH-dependent formation, easy accessibility to intracellular spaces, biodegradability, biocompatibility, and nontoxicity (17, 18) . A review of these nanomaterials and their applications was recently published (19) . These materials, as well as the biological applications of iMs, have increased the need to better understand the structure and formation of iMs to fully exploit their properties. One important aspect of iMs that dictates their final structure is their folding pathway. Kinetic studies of iM folding have been done using NMR (20) (21) (22) (23) , surface plasmon resonance (24) , and fluorescence resonance energy transfer (25) . Among these studies, only the NMR studies monitored folding by the basepairing of the cytosines; however, they used lower temperatures (0-15 C) and higher pH buffers (pH~6.0) to slow the kinetics of iM formation to monitor folding over much longer timescales (minutes to hours) (21, 26) . Very few studies have monitored C-C þ pairing on short timescales at room temperature (20-25 C) . Chen et al. (27) performed one of the first studies on iM folding at room temperature using stopped-flow circular dichroism (CD) on a short (subsecond) timescale.
Fluorescence spectroscopy, which can also probe short timescales, uses changes in signals from fluorescent base analogs to investigate iM folding; however, most fluorescence studies to date have focused on base substitutions in the loop and terminal regions of the iM (28, 29) . There is a lack of studies concerning the kinetic mechanism through which hydrogen-bonding bases stabilize the iM. By following the kinetics of quenching of fluorescence by the C-C þ pairing interactions, one can construct a folding mechanism for an iM. Such a folding mechanism would help us understand how to best control and utilize iM-based bio-and nanomaterials, and may also have biological implications for potential iM structures in gene promoters if unique folding intermediates are formed.
The hydrodynamic properties of iM structures in solution have also not been fully characterized. Insights into their conformational dynamics, such as iM movement and shape in solution, could also aid in their utilization in nanodevices, since their hydrodynamic properties readily affect their diffusion in solution. Choi et al. (30) published one of the few papers that have detailed the hydrodynamics of iMs in solution. They found that the diffusion coefficient of the iM form was much greater than that of the unfolded form, showing that the hydrodynamic radius of the unfolded form was 1.6 times greater than that of the iM (30) . However, they did not detail how the two forms compared to the duplex of the same strand or how rigid the structures were in solution, aside from what could be gleaned from the diffusion coefficients. Here, we used analytical ultracentrifugation (AUC) and fluorescence anisotropy decay data to gain insight into iM movement and rigidity in solution compared with other DNA structures.
In this study, we examined a variant of the C-rich strand of the NHE III promoter (wild-type sequence: 5 0 -TTCCCCA CCCTCCCCACCCTCCCCA-3 0 ) from the human c-MYC gene, an oncogene that can promote tumor development (31) . The wild-type sequence was well characterized by Dai et al. (32) , who found that it forms a complex mixture of iM structures. However, a single C-to-T mutation at the sixth base and replacing the last four cytidines with an adenine resulted in an iM that was predominantly a single species (C20T sequence: 5 0 -TTCCCTACCCTCCCCACCC TAA-3 0 ; Fig. 2 ) and retained the thermal stability of the unmodified sequence. In this work, we used the C20T mutant strand labeled at five positions with individual 1,3-diaza-2oxophenoxazine (tC o ) or pyrrolo-deoxycytosine (PdC) substitutions (four involved in hydrogen bonding and one in the loop; locations shown in Fig. 2) . We have previously shown that inclusion of fluorescent dC base analogs on DNA does not significantly affect DNA structure (33, 34) . The tC fluorescent base analog has the highest quantum yield of any known cytosine analog and is quenched in duplex DNA when basepaired to its complementary guanine (4 (35) . Using these oligos, we detailed the hydrodynamics of the folded iM structure and mapped the mechanism of iM folding.
MATERIALS AND METHODS

Oligos
All DNA oligos were synthesized through standard solid-phase chemistry by Midland Certified Reagent Company (Midland, TX). The oligos were stored in 10 mM Tris, 1 mM EDTA buffer (pH 8.0) until they were used. The C20T oligo sequence has a folded structure at pH < 6.0 that has been determined by NMR (32) . Individual tC and PdC substitutions were made at the 4th, 9th, 10th, 12th, and 15th positions, which correspond to the loop and bonded bases (Fig. 2 ). The unincorporated tC nucleoside used as a control was obtained from Dr. Marcus Wilhelmsson (Chalmers University of Technology, Gothenburg, Sweden).
CD
In keeping with the literature on iMs, we define the pK a for iM formation as the pH at which 50% of the oligo is folded into the iM. To determine the pK a for iM folding, we made DNA solutions (4 mM) in 10 mM Tris buffers containing 10 mM KCl with pH ranging from 8.0 to 7.0, 10 mM phosphate buffers containing 10 mM KCl with pH ranging from 7.0 to 6.0, or 10 mM acetate buffers containing 10 mM KCl with pH ranging from 6.0 to 5.4. All reagents were spectroscopic grade and purchased from Fisher Biophysical Journal 107(7) 1703-1711 Scientific (Waltham, MA). To ensure that few or no intermolecular structures were formed, the solutions were heated to~80 C for 10 min and then cooled to room temperature. CD spectra of DNA solutions were collected on an Olis DSM 20 CD instrument (Olis, Bogart, GA) over a wavelength range of 220-350 nm at 20 C, with an integration time that adjusted with absorbance. The Dε values at 298 nm were then plotted against pH and fitted to Eq. 1. Thermal melts from 20 C to 60 C were monitored via CD to ensure that the fluorescent base analog substitutions did not induce a significant change in the iM structure or its thermal stability. Only a single transition was observed over this temperature range, and the measured T m was independent of concentration, indicating a unimolecular species.
Steady-state fluorescence and fluorescence lifetime measurements
Steady-state fluorescence spectra were recorded on a K2 multifrequency cross-correlation phase and modulation fluorometer (ISS, Champaign, IL). Excitation scans were collected over a wavelength range of 220-400 nm, with the emission wavelength fixed at 450 nm. Emission spectra were taken over a wavelength range from 400 nm to 580 nm, with the excitation wavelength fixed at 350 nm. The fluorescence lifetimes of tClabeled and PdC-labeled DNAs were analyzed using a K2 fluorometer and a ChronosFD fluorometer (ISS). The lifetime data were collected via 40 data points taken in the frequency range of 10-250 MHz with an averaging time of 5 s per data point on the K2, and via 10 data points taken in the frequency range of 10-250 MHz with an averaging time of 1 s per data point on the ChronosFD. At least three replicates were taken for each solution. All fits included an additional lifetime for a very short-lived component (t < 1.0 ns). In addition, anisotropy decay data were collected for the tC -labeled DNA on the ChronosFD to measure the rotational correlation times and limiting anisotropies for the DNA under select solution conditions via 15 data points taken in the frequency range of 10-300 MHz. Rotational correlation times were found using Eq. 2 (where r i is the limiting anisotropy of component i, t is time, and q i is the rotational correlation time of component i):
For comparison, the longest rotational correlation times were computed by the SOMO (SOlution MOdeler) bead modeler within the UltraScan III program (36) using iM, unfolded, and duplex DNA structures. All DNA PDB files were introduced into the modeler without water or ions, allowing the program to solvate each DNA. All solvent-accessible surface area and SOMO parameters were left at their default settings. The software was also used to calculate the partial specific volume of each DNA. The folded iM structure was made by modifying the PDB 1YBL structure file (37) with Chimera to be the C20T sequence, followed by energy minimization. The unfolded and duplex DNAs were made using a Python program based on the B-DNA coordinates provided by Arnott and Hukins (38) . GROMACS (39) molecular-dynamics calculations were utilized to find the various energetic minima of the unfolded DNA, which were used to sample the range of structures to which the unfolded DNA had access at room temperature (25 C). The DNA was solvated with~10,000 water molecules and neutralized with 19 sodium ions. Once the system containing the DNA was minimized, molecular dynamics were calculated using the MD integrator with a step size of 0.0005 ps and a total time of 10 ns, and with snapshots recorded every 1000 steps. Every 10th one of these 1000 snapshots was processed through UltraScan III (36) to calculate rotational correlation times for the single-strand DNA, which were then averaged to obtain the average rotational correlation time of the unfolded DNA at pH 8.0. These theoretical rotational correlation times are given in Table 3 .
AUC: experiment and data analysis
All sedimentation velocity (SV) experiments were performed using a Beckman XL-A analytical ultracentrifuge retrofitted to include a fluorescence detection system (AU-FDS; AVIV Biomedical, Lakewood, NJ). The temperature of the analytical ultracentrifuge was calibrated according to the method of Liu and Stafford (40) . The 3 mM samples were loaded into centrifuge cells equipped with 1.2 cm SedVel60 centerpieces and sapphire windows. The centrifuge cells were placed into an An-60 rotor and temperature was equilibrated for~1 hr before the run was started. All runs were performed at 60K rpm (300,000 Â g). Sedimentation was monitored by measuring one continuous scan of absorbance at 268 nm as a function of radial distance with a spacing of 0.002 cm. We initially analyzed the SV data using a g(s*) analysis, which is a direct boundary model that finds an apparent sedimentation coefficient distribution, via the software program DCDT2þ (41, 42) . The g(s*) distribution obtained was corrected to the density and viscosity of water at 20 C (s 20,W ). We also analyzed the SV data via c(s) analysis, a model that uses the Lamm equation to find the sedimentation coefficient distribution, with the software program Sedfit (43) . The meniscus position automatically chosen by DCDT2þ was also used in Sedfit for consistency. The s 20,W obtained from the g(s*) distribution was consistent with the s 20,W obtained from the c(s) distribution. The weight average sedimentation coefficient from the g(s*) distribution was plotted as a function of pH and fit to a sigmoidal curve using the software program Origin (OriginLab, Northampton, MA). The SV was then analyzed using direct boundary fitting with the software program Sedanal (44) . For direct boundary fitting, the data sets covering the pH range were divided into three pH sections representing unfolded (pH 8.0, 7.5, and 7.0), partially folded (pH 6.5), and folded iM (pH 6.0, 5.6, 5.0, and 4.5) sequences. The high-pH data sets (pH 7.0-8.0) were globally fit to a single-species model to determine the sedimentation coefficient of the unfolded iM sequence. The low-pH (pH 4.5-6.0) data were then globally fit to a single-species model to determine the sedimentation coefficient of the folded iM sequence. The partially unfolded iM sequence was then fit to an isomerization model in which the sedimentation coefficients of the folded and unfolded conformations were fixed to the best-fit values from the low-and high-pH fits, respectively, and the equilibrium constant of the isomerization was allowed to vary until the best fit to the data was obtained. Using the sedimentation coefficients (s) thus found, the diffusion and frictional coefficients (D and f t ) were obtained from Eqs. 3 and 4 (45, 46) , where n is the partial specific volume of DNA (0.55 mL/g), M is molecular weight, N A is Avogadro's number, r solvent is the density of the solvent (1 g/mL for dilute buffers), k is the Boltzmann constant (1.38 Â 10 À23 J/K), and T is temperature (25 C):
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The resulting decays were analyzed and fitted using multiple models with the Berkeley Madonna modeling software (Robert Macey and George Oster, University of California, Berkeley, Berkeley, CA) to find the rate constants of folding. Steady-state fluorescence spectra and CD spectra were taken before and after mixing to ensure that folding occurred. In addition, a control oligo (5 0 -CCCTAACCCTAACCCTAACCC-3 0 ) was used to ensure that our data agreed with previously published values for folding rates obtained by a similar experimental setup (27) .
RESULTS AND DISCUSSION
Analysis of thermal stability and pK a of iMs
Control experiments were performed to examine whether the tC and PdC substitutions induced significant changes in the iM structure. Using each oligo, pH-dependent folding of the iM structure was monitored by CD. Fig. 3 A shows the CD spectra recorded for the tC 4 oligo in multiple pH solutions, which was essentially identical to the unsubstituted oligos. The other substituted oligos behaved similarly. The pK a (~6.4; Fig. 3 B) for each oligo was found by plotting the CD signal at 298 nm at each pH and fitting the resultant graph with a sigmoidal function (Eq. 1). As shown in Table 1 , the addition of tC to the oligo had little effect on the pK a . Our pK a values agree with those determined using NMR data obtained by Dai et al. (32) , who reported a pK a near 6.2. These pK a values suggest that tC has little effect on iM formation in the C20T oligo at any location. The pK a values were also found using steady-state fluorescence quenching of tC (Fig. 3, C and D) . The pK a values obtained were identical within error to those found using CD (Table 1 ). In addition, AUC experiments ( Fig. 4 ;
Fig. S1 in the Supporting Material) gave a pK a value (~6.6 at low salt (10 mM KCl);~6.2 at high salt (200 mM NaCl)) near those obtained from CD (~6. 4) , showing that all methods are in agreement. The sedimentation coefficients obtained in these experiments also agree well with a previous AUC study performed on iM structures (47) . Thermal melts of the iMs were performed at pH 5.4 to ensure that the base substitutions did not also affect their thermal stability. As shown in Fig. S2 and Table 1 , there was little change in the temperature at which 50% of the iM was melted (T m ) when compared with the wild-type C20T (~40 C). The thermal melts and the T m obtained match well with those reported by Dai et al. (32) for the same oligo (~40 C). Taken together, our results indicate that the substitutions had little or no effect on the folded iM structure, its pK a , or its thermal stability.
Fluorescence lifetimes of substituted DNA bases
Fluorescence lifetime data were collected for each tCsubstituted oligo (Table S1) in three forms: folded iM (pH 5.4), unfolded single-strand (pH 8.0), and duplexed with the complementary strand (pH 8.0). The unfolded and duplexed DNA containing tC showed only a single lifetime of~4.6 ns and~3.7 ns, respectively, independent of position. The folded iM at pH 5.4 also had a lifetime of~4.6 ns that accounted for~60% of the fluorescence, but exhibited a second shorter lifetime of~1.5 ns. This included position 15, which according to Dai et al. (32) should be unpaired in the folded form. To address this issue, we also examined folded PdC-substituted oligos because PdC shows a pronounced longer fluorescence lifetime when unpaired (34) . Our lifetime results are presented in Table 2 . Unlike tC 15, the PdC-15 lifetime is significantly longer than lifetime of the oligos substituted at other positions, suggesting that the 15th position is indeed in the loop of the iM (see also quenching data in Fig. 7) . Hence, the fluorescence lifetimes of tC can be used to monitor the global status (folded or unfolded) of the iM, but not whether a specific tC is intercalated.
Hydrodynamics of DNA forms
Because many DNA-based nanodevices are being developed for use in aqueous environments, we determined the hydrodynamic properties of the C20T iM to better understand its size, shape, and rigidity in solution compared with its unfolded and duplexed counterparts. To determine its size and rigidity in solution, we collected fluorescence anisotropy decays of tC for each oligo in the duplex, unfolded single-strand, and iM forms, and fitted them using Eq. 2 to find the rotational correlation times (q). We observed shorter rotational correlation times (0.4-0.6 ns) when fitting the data for all forms of DNA, regardless of position. We attribute these to local motions of the tC . The duplex rotational correlation times (Table 3 ) are consistent with a very rigid structure in solution. The unfolded sin-gle-strand DNAs at pH 8.0 have much faster rotational correlation times than the duplex form (Table 3) , indicating a more compact size due to the increased flexibility of the single strand. In the iM form, the relatively short rotational correlation times indicate a more compact structure. The tC 4 and tC 9 oligos have a slightly shorter rotational correlation time compared with the other three oligos. We suggest that this arises from the position of tC 4 and tC 9, since the rotational correlation times are consistently shorter in the unfolded and duplex forms as well. The values obtained for all three forms of DNA are similar to those predicted from the molecular model of each DNA structure using Ultrascan III (theoretical value in Table 3 ). These values did not significantly change when the ionic strength was increased by adding 150 mM KCl (Table S2) .
Additionally, AUC studies were performed to analyze the hydrodynamics of the unfolded strand and folded iM in solution. The sedimentation, frictional, and diffusion coefficients (s, f t , and D, respectively) obtained all suggest a change in structure from the spherical iM to the larger, freely moving random coil as pH is increased. This change is in good agreement with the rotational correlation times observed, indicating that the theoretical models of the DNA for all three structures accurately predict their behavior in solution.
Taken together, our hydrodynamics data characterize the iM form of DNA as being similar to the duplex form in terms of rigidity, but more compact. It may be possible to design better nanomaterials and drug-delivery vehicles by taking advantage of these features. For example, one could develop a pH-dependent nanomaterial based on singlestrand DNA iMs that is smaller than its duplex counterpart but retains its structural integrity. Kinetic mechanism of iM folding
To elucidate the folding rate of the iM, we monitored CD signal traces at 298 nm with time as the pH of the DNA solution rapidly changed from 8.0 to 5.8. Typical data are shown in Fig. 5 . Spectra were taken before and after the pH change ( Fig. 5 A) to ensure that folding occurred. As CD monitors the overall DNA strand folding, we consider the rate constants obtained from analyses of these data to be global. Since the signal changes were not fitted well by a single exponential function, we tested multiple models, including double-exponential, sequential, and equilibrium mechanisms. The single-strand / intermediate / folded sequential model was found to best fit the folding observed (i.e., with the lowest root mean-squared deviation values; Fig. 5 B) .
As shown in Table 4 , all of the substituted oligos showed global folding that was (within error) similar to that observed for the wild-type (C20T), with two folding rate constants of~0.60 s À1 and~0.01 s À1 , suggesting that tC substitution does not affect the folding pathway of the structure. These rate constants did not change significantly when the concentration of oligo was doubled or tripled (Table S3 ). The fractional signal amplitude (~0.90) associated with the faster rate constant suggests that the intermediate state is very close in structure to the final state. Consecutive mechanisms can be fitted identically in the order fast-to-slow or slow-to-fast, depending on the signal arising from the intermediate structure. Since the intermediate and final forms of the iM are so similar in CD signal, we interpret this to indicate that the faster folding step is first, followed by slower bond rearrangement. The amplitude change of the fast process supports a folding mechanism similar to that shown in Fig. 6 , where the mostly folded intermediate structure is rapidly formed, followed by a slower rearrangement to yield the final iM conformation. However, the hydrogen-bonding pattern of the intermediate structure ( Fig. 6 B) cannot be discerned by CD, and thus the explicit hydrogen-bonding pattern is not shown in Fig. 6 B. The global rate constants obtained for our C20T oligos are on the same timescale as those obtained from our control experiments using the iM oligo of Liu et al. (30) , which has a rate constant of 0.15 s À1 for pH-dependent folding.
To examine in detail the base-by-base mechanism of iM folding, we obtained traces of the quenching of each individual tC . Rapid quenching of tC was observed when the iM formed. Kinetic data were collected by monitoring fluorescence after a pH jump from 8.0 to 5.8. Typical initial and final fluorescence spectra collected in this experiment are shown in Fig. 7 A. The average fluorescence decays for each base substitution are shown in Fig. 7 B, where time zero is the initial fluorescence at pH 8.0 before mixing. We consider these fluorescence changes to reflect the local conditions of the individual dC residues during folding, which include stacking and C-C þ bond formation. The decays were fitted to the sequential model of unprotonated single-strand / protonated single-strand / intermediate / folded because this gave the lowest root mean-squared values and was consistent with the global folding mechanism. As shown in Fig. 7 B, all fluorescence quenches nearly instantaneously (within the first 0.2 s of mixing) to at least half of its initial pH 8.0 signal (corrected for dilution). We FIGURE 5 Global folding of the iM as monitored by CD. (A) Example normalized CD spectra of tC 4 recorded before (pH 8.0; gray) and after (pH 5.8; black) the pH jump. (B) Five kinetic traces for tC 4 were determined by monitoring the CD signal at 298 nm with time after the pH jump to induce folding. The solid lines show fits to the data using a three-state sequential model. Biophysical Journal 107 (7) 1703-1711 attribute this initial quenching to an effect of protonation of nearby cytosines in the single strand, as it occurs immediately after mixing and before the iM has folded, and is independent of position. To confirm that the initial quenching is due to protonation of neighboring cytidines, we tested a cropped tC 4 sequence (5 0 -TTC-tC -CTA -3 0 ) that does not form an iM as determined by CD (Fig. S3 ). The cropped sequence showed a 40% decrease in fluorescence immediately upon mixing (Fig. S3 ). We attribute the slower, additional quenching of tC 4 oligos to iM formation. Like its related fluorescent base, tC, tC has a very low pK a (~1.0) (48) , and unincorporated tC nucleoside does not exhibit such pH-dependent quenching ( Fig. 7 A) . The differences between pH effects on the free nucleoside and the tC incorporated into the DNA strand strongly suggest that quenching arises from nearest-neighbor interactions within the single-strand oligo, in agreement with studies of the electronic coupling interactions among hemiprotonated dC residues in iMs (49) . As shown in Table 5 , following the initial quench, three of the substituted oligos (tC 4, tC 9, and tC 10) show very similar rate constants for basepairing. These three positions pair with a rate constant of~1 s À1 , which is slightly faster than the fastest rate constant for global folding via CD (~0.5 s À1 ). As quenching is influenced by both hydrogen bonding and stacking interactions (Fig. 7) , we infer from our data that pairing of tC 4, tC 9, and tC 10 occurs before the structure in Fig. 6 B is formed. We denote this stage of folding as B 1 (Fig. 6 ). tC 12 and tC 15 have a fast rate constant of~0.4 s À1 , which is similar to the fast global rate constant of~0.5 s À1 determined from CD data. We interpret this to mean that the 12th and 15th positions move into the intermediate state ( Fig. 6 B 2 ) simultaneously with the global folding of the iM as observed by CD ( Fig. 6 B) , suggesting that the base stacking occurs at the same rate as the hydrogen-bond formation. All positions exhibit a second, consistently slower rate constant of~0.01 s À1 , which is also observed in the global folding obtained from CD spectra. We interpret this as the transition from the structure in Fig. 6 B 2 , to the final structure ( Fig. 6 C) . Both fluorescence and CD can be interpreted with the same mechanism; however, fluorescence gives insight into structural details that are invisible to CD (Fig. 6 B 1 and B 2 ).
It is noteworthy that in Fig. 7 B, the final observed fluorescence intensity for tC is very position dependent. We interpret these final intensities in Fig. 7 B by using Fig. 6 C. When equilibrium has been achieved, tC 4 is located in the middle of a cytosine run, with base stacking above and below it. Hence, the electronic coupling of tC with surrounding dC residues would explain why it has the lowest fluorescence compared with other basepaired positions. In Fig. 6 C, both tC 9 and tC 12 are at the ends of the C-C þ stack and equivalent effects on their fluorescence are observed. Finally, the tC 10 hydrogen bond is broken in the predominant equilibrium form of the iM (Fig. 6 C) , which would reduce the effect of pairing on fluorescence. FIGURE 6 Folding mechanism for the C20T iM based on CD (top, black arrows) and fluorescence quenching data (bottom, blue arrows) where the transition from unfolded DNA (A) to intermediate structures (B 1 and B 2 ) to the final folded iM (C) is shown. Average rate constants for each step in the mechanism are given above the arrows. The color coding of residues and their hydrogen bonds is as follows: green for tC 4, red for tC 9, orange for tC 10, pink for tC 12, and navy for tC 15. The hydrogen bonds in B are not shown since they are not observable by CD; however, the pattern in B is likely similar to B 2 observed in the fluorescence quenching mechanism. Overall, both CD and fluorescence can be interpreted with the same folding mechanism that progresses through intermediate structures. The tC 10 has the highest final fluorescence of any of the intercalated tC residues.
In contrast to the intercalated tC residues, following the initial pH-induced quench, the fluorescence intensity of the tC 15 increases to 60% of its pH 8 fluorescence, followed by a slower decrease to a final intensity that is 50% of the pH 8 signal (Fig. 7 B) . The shape of the fluorescence trace for tC 15 is consistent with an intermediate structure in which tC 15 is unpaired and unstacked. The high final fluorescence intensity observed with tC 15 is in agreement with the lifetime data from the PdC-15 substitution, both of which are consistent with the 15th position being in a loop in the fully folded iM. Our interpretation of the tC 15 data is that the 15th position is initially stacked in the single strand ( Fig. 6 A) , but during the folding process it becomes less stacked with the neighboring dC at the 14th position ( Fig. 6 B 1 ). The subsequent restacking of tC 15 in Fig. 6 C is responsible for the slow decrease in its fluorescence.
CONCLUSIONS
Given the consistency of all the data described above, we suggest that the lower folding pathway outlined in Fig. 6 is correct for the formation of the iM structure from the C20T sequence. In the course of determining this folding pathway, we established that fluorescent dC analogs can be used to monitor individual residues of an iM structure. We demonstrated that the fluorescence properties of tC and PdC, including lifetime measurements, anisotropy decay, pHdependent intensity, and time-dependent intensities following a pH jump, can be used to track iM formation and structure. We established that the C-C þ hydrogen bonding of certain bases (in the case of C20T, the 4-13, 9-18, and 10-19 bonds) initiate the folding of the iM structure. We also showed that substitutions in the loop regions of iMs, as shown by tC 15, give a distinctly different kinetic signature compared with bases that are intercalated. Taken together, our results lay the foundation for using fluorescent dC analogs as general tools for following structural changes during iM formation.
Our work benefited from the previous establishment of the equilibrium structure of C20T by Dai et al. (32) , which enabled us to correlate our combined data with a known molecular iM structure. Based on our studies using AUC, molecular modeling, CD, and the fluorescent dC analogs described in this work, this analytical scheme can also be used to determine the folding and final structure of more complex iMs that are known to exist, such as those found in the promoters of human bcl-2 and VEGF genes. Overall, this work expands our knowledge about iMs and their formation, and thus may help to improve bio-and nanomaterial applications that utilize iMs, as well as to elucidate iM formation under in vivo conditions.
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